Background: Near-term brain structure was examined in preterm infants in relation to neurodevelopment. We hypothesized that near-term macrostructural brain abnormalities identified using conventional magnetic resonance imaging (MRI), and white matter (WM) microstructure detected using diffusion tensor imaging (DTI), would correlate with lower cognitive and motor development and slower, less-stable gait at 18-22 mo of age. Methods: One hundred and two very-low-birth-weight preterm infants (≤1,500 g birth weight; ≤32 wk gestational age) were recruited prior to routine near-term brain MRI at 36.6 ± 1.8 wk postmenstrual age. Cerebellar and WM macrostructure was assessed on conventional structural MRI. DTI was obtained in 66 out of 102 and WM microstructure was assessed using fractional anisotropy and mean diffusivity (MD) in six subcortical brain regions defined by DiffeoMap neonatal atlas. Neurodevelopment was assessed with Bayley-Scales-of-InfantToddler-Development, 3rd-Edition (BSID-III); gait was assessed using an instrumented mat. results: Neonates with cerebellar abnormalities identified using MRI demonstrated lower mean BSID-III cognitive composite scores (89.0 ± 10.1 vs. 97.8 ± 12.4; P = 0.002) at 18-22 mo. Neonates with higher DTI-derived left posterior limb of internal capsule (PLIC) MD demonstrated lower cognitive and motor composite scores (r = −0.368; P = 0.004; r = −0.354; P = 0.006) at 18-22 mo; neonates with higher genu MD demonstrated slower gait velocity (r = −0.374; P = 0.007). Multivariate linear regression significantly predicted cognitive (adjusted r 2 = 0.247; P = 0.002) and motor score (adjusted r 2 = 0.131; P = 0.017). conclusion: Near-term cerebellar macrostructure and PLIC and genu microstructure were predictive of early neurodevelopment and gait.
a dvances in neonatal medicine have increased survival rates and improved outcome among very-low-birthweight (VLBW) preterm infants (1), but the incidence of neurodevelopmental impairment remains 3-4 times that of infants born full-term (2) (3) (4) (5) . Motor, cognitive, and behavioral impairments are difficult to predict accurately at an early age, limiting our ability to identify at-risk infants who could benefit from intervention during critical periods of development. Early identification at a time of optimal neuroplasticity is essential to guide treatment that has potential to improve function and quality of life for these children (6) .
Neonatal neuroimaging data can help provide early prognosis for preterm infants, and most VLBW preterm infants undergo neuroimaging prior to discharge from the neonatal intensive care unit. Prognosis based on conventional brain magnetic resonance imaging (MRI) has been partially successful (7, 8) . Semi-automated, atlas-based analysis of diffusion tensor imaging (DTI) is a promising neuroimaging technique that can be used to assess early white matter (WM) microstructure and may be a more sensitive biomarker of neurodevelopment than structural MRI (9) (10) (11) .
As the brain develops, cellular microstructures become more complex and organized, water content decreases, and extracellular spaces diminish, changes that can be quantified with DTI (12, 13) . Scalars obtained from DTI, such as fractional anisotropy (FA) and MD, can assess brain development and maturation (14) . FA reflects degree of diffusion anisotropy within a voxel, determined by fiber diameter, density, myelination, extracellular diffusion, interaxonal spacing, and intravoxel fiber tract coherence. MD is a calculation of average diffusion along three main axes (15) . In the neonate, WM FA generally increases and MD decreases with age, likely due to increased fiber organization, axonal coherence, and preliminary myelination (11, 16) . Analysis of near-term regional WM development using DTI may provide prognostic information and help guide early treatment in children born preterm (4, 17) .
In the neonate, rapidly developing WM is selectively vulnerable to injury (18) due to known risk factors associated with preterm birth, including bronchopulmonary dysplasia
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(BPD), necrotizing enterocolitis (NEC), retinopathy of prematurity (ROP), and sepsis (19) (20) (21) . This study examined nearterm brain structure in VLBW preterm neonates in relation to neurodevelopment and gait at 18-22 mo of adjusted age. We hypothesized that near-term macrostructural brain abnormalities identified using conventional structural MRI and WM microstructure detected using DTI would correlate with lower cognitive and motor development and with slower, less stable gait at 18-22 mo of adjusted age. Table 1 reports demographic and neonatal characteristics of all participants (n = 102) and of the subset population with DTI (n = 66). Gestational age (GA) at birth and birth weight were not significantly different in males and females. Demographic and clinical characteristics of infants with DTI (n = 66) and without DTI (n = 38) were not significantly different; however, neonates with DTI had nonsignificant lower incidence of BPD (26 vs. 34%), NEC (11 vs. 20%), ROP (26 vs. 31%), and sepsis (9 vs. 17%); and nonsignificant fewer days on ventilation (8.7 ± 14.4 vs. 14.4 ± 23.2).
RESULTS
Representative images of WM abnormalities (WMA) and cerebellar abnormalities identified on conventional structural MRI are presented in Figure 1 . We found that 92 (90%) infants had no or mild WMA and 10 (10%) had moderate-to-severe WMA. No WMA were found in 55 out of 102 (54%), mild WMA in 37 out of 102 (36%), moderate WMA in 8 out of 102 (8%), and severe WMA in 2 out of 102 (2%). Significant cerebellar abnormalities were found in 28 out of 102 (28%), including significant cerebellar lesions (n = 16) and/or significant asymmetry (n = 14), 73 had no significant cerebellar abnormality, and for 1 participant it could not be conclusively determined. Corresponding cystic/cavitary changes are again seen on T 1 SPGR volume sequence (right image, long-arrow), as well as more focal injury associated with T1 focal high intensity in the right periventricular WM (short-arrow).
There is asymmetric mild ventricular dilatation, and deep extension of the cerebral sulci associated with overall cerebral WM volume loss; and (e) cerebellar abnormalities: multiple focal cerebellar lesions (short-arrows), likely representing combination of old blood products and/or injury. Note also asymmetric cerebellar volume, left smaller than right cerebellar hemisphere. There were no significant differences between incidence of moderate-to-severe WMA or significant cerebellar abnormalities identified on MRI in males compared to females. There were 6 out of 10 infants with moderate-to-severe WMA who also had cerebellar abnormalities. Five out of 10 infants with WMA had DTI; 15 out of 28 infants with cerebellar abnormalities had DTI. Figure 2 shows selected brain regions assessed on nearterm DTI, as defined by the semi-automated Johns Hopkins University (JHU) neonatal atlas. Male sex was significantly associated with higher splenium FA (P = 0.012) and higher genu MD (P = 0.006), after controlling for postmenstrual age (PMA) at scan; no other regions demonstrated significant associations. Presence of moderate-to-severe WMA on conventional MRI was significantly associated with higher genu MD (P = 0.008), after controlling for PMA at scan. Presence of cerebellar abnormalities on conventional MRI was significantly associated with higher left PLIC MD (P = 0.022) and higher thalamus MD (P = 0.049), after controlling for PMA at scan. No other significant associations were found.
Ninety-four out of 102 participants returned for follow-up evaluation at 18-22 mo of adjusted age; 93 children returned for Bayley-Scales-of-Infant-Toddler-Development, 3rd-Edition (BSID-III) evaluation (91% follow-up rate), 92 completed cognitive testing, 92 completed motor testing, and 91 completed both. There were three children who were diagnosed with cerebral palsy (CP) by 18-22 mo. Eighty-two children returned for gait assessment, which was not part of the standard-of-care clinical follow-up; 78 out of 82 children walked independently, and 3 children were able to walk with handheld assist. One child was nonambulatory and unable to walk with handheldassist and was not included in gait analysis; a total of 81 participants completed gait assessment, mean age at follow-up was 20.1 ± 1.0 mo of adjusted age. None of the four children unable to walk independently had moderate-to-severe WMA, but two out of four children had significant cerebellar abnormalities, including the nonambulatory child. Among the 66 out of 102 participants who had near-term DTI, 60 children returned for BSID-III evaluation at 18-22 mo; 59 completed both cognitive and motor BSID-III testing; 52 completed gait evaluation. Table 2 reports mean BSID-III scores and gait parameters at 18-22 mo for all children, for children with and without moderate-to-severe WMA, and for children with and without significant cerebellar abnormalities identified on near-term conventional MRI.
Mean BSID-III scores and gait parameters did not differ between males and females. There were 12 out of 92 (13%) children who had BSID-III cognitive composite scores <85, and 15 out of 92 (16%) had BSID-III motor composite scores <85, suggestive of mild-to-severe delay. There were 2 out of 92 (2%) children who had cognitive scores <70 (scores of 65 and 65), suggestive of severe delay: one child had mild WMA and significant cerebellar abnormalities. The other child had no WMA or cerebellar abnormality, but GA at birth was 25 wk, and there was a history of ROP stage 3, sepsis, and respiratory distress syndrome. There were 3 out of 92 (3%) children who had motor scores <70 (scores of 49, 58, and 58), suggestive of severe delay: one child had severe WMA with no significant cerebellar abnormality, one child had mild WMA and significant cerebellar abnormality, and one child had no WMA but had significant cerebellar abnormality. Mean BSID-III scores and gait parameters were not significantly different in children with and without moderate-to-severe WMA. However, mean cognitive scores were significantly lower in children with cerebellar abnormalities (97.8 ± 12.4 vs. 89.0 ± 10.1; P = 0.002). Table 3 reports mean DTI values and partial correlations between near-term DTI values and neurodevelopment and gait outcomes at 18-22 mo. Higher near-term left PLIC MD correlated with lower BSID-III composite cognitive and motor scores (r = −0.368; P = 0.004; r = −0.354; P = 0.006, respectively), with similar trends for right PLIC MD. Lower fine motor scores correlated with higher left and right PLIC MD (r = −0.368; P = 0.004; r = −0.259; P = 0.048, respectively), higher thalamus MD, and higher globus pallidus MD, as well as lower PLIC FA and lower anterior limbs of the internal capsule (ALIC) FA (Table 3) .
Univariate linear regression found that for each 1 SD increase in left PLIC MD, BSID-III cognitive score was predicted to decrease by 0.354 SD (standardized B = 0.354; adjusted r 2 = 0.110; P = 0.006) and BSID-III motor score was predicted to decrease by 0.358 SD (standardized B = 0.358; adjusted r 2 = 0.113; P = 0.005). Multivariate linear regression identified significant relationships between neurodevelopment at 18-22 mo adjusted age and Slower gait velocity at 18-22 mo of age correlated with higher near-term genu MD (r = −0.374; P = 0.007) and lower genu FA (r = 0.322; P = 0.021; Table 3 ). Univariate linear regression analysis found that for each 1SD increase in near-term genu MD, gait velocity was predicted to decrease by 0.376 SD (standardized B = 0.376, adjusted r 2 = 0.124; P = 0.006; Figure 3) . Shorter left and right single limb support (SLS) correlated to higher genu MD, and shorter left SLS correlated to lower genu FA ( Table 3) .
DISCUSSION
This study examined near-term brain structure on MRI and DTI in relation to neurodevelopment and gait at 18-22 mo. Results support the hypothesis and identify relationships that may have prognostic value for early identification of infants at risk for neurodevelopmental impairments.
Near-Term Structural MRI and Neurodevelopment at 18-22 Mo
Moderate-to-severe WMA at near-term age was not significantly associated with neurodevelopment or gait at 18-22 mo of age. However, the three children with BSID-III motor scores <70 had either moderate-to-severe WMA or significant cerebellar abnormality. Cerebellar abnormalities identified on near-term structural MRI were significantly associated with lower cognitive scores at 18-22 mo. Brain MRI scans commonly performed prior to discharge from the neonatal intensive care unit offer a potential opportunity to provide early prognosis; however, prognosis based on structural brain MRI has been only partially successful at detecting risk for motor deficits, cognitive delay, and language impairment later in life (22) , consistent with our findings.
Evidence of moderate-to-severe WMA was identified in 10% of infants, somewhat lower than two prior studies of extremely low birth weight (ELBW) infants, reporting an incidence of 17% (23) and 19% (8) . A lower occurrence of WMA may be expected among our study population, given their higher average GA. In addition, there may be a more uniform standardof-care delivered in the neonatal intensive care unit at this single-site study, compared to larger multisite studies (8) .
In the preterm neonate, the rapidly developing cerebellum has been found to be a clinically important, vulnerable brain region (24) (25) (26) , consistent with our findings. Evidence of significant cerebellar abnormalities was identified on MRI in 28% of infants; 16% had significant cerebellar lesions, an incidence somewhat higher than a prior report of 10% in ELBW preterm infants (8) . Cerebellar abnormalities identified in this study included both significant cerebellar lesions as defined by Hintz et al. (8) and cerebellar asymmetry of ≥3 mm, considered a clinically detectable degree of asymmetry, reflecting a volumetric difference, reproducibly identified and less prone to slice selection and infant positioning.
Comparison of conventional MRI and DTI findings revealed that moderate-to-severe WMA on MRI was associated with higher genu MD. Significant cerebellar abnormalities on MRI were associated with higher left PLIC MD and higher left thalamus MD. Further research may clarify relevant relationships between brain macrostructure and microstructure that can aid Articles interpretation of conventional MRI, a more widely available method of neuroimaging.
Near-Term DTI and Neurodevelopment at 18-22 Mo
Near-term regional DTI, specifically, higher PLIC MD, correlated with lower BSID-III composite cognitive score, composite motor score, and fine motor score. Higher thalamus MD and higher GloP MD correlated with lower fine motor scores, as did lower ALIC FA. Multivariate analysis demonstrated that left PLIC MD was a significant predictor of cognitive and motor scores. Higher genu MD and lower FA correlated with slower, less stable gait. While no significant differences in mean clinical characteristics were found between neonates with and without DTI, there were nonsignificant fewer days on ventilation and nonsignificant lower incidences of BPD, NEC, ROP, and sepsis which may indicate greater tolerance for the longer scan time required for DTI, collected at the end of the clinical scan, and suggests a need for shorter near-term scan time.
Prior studies suggested DTI as a more sensitive biomarker than structural MRI for later neurodevelopment (4, 11, 27) . Semi-automated, atlas-based DTI analysis has potential for clinical implementation because of its relative efficiency and repeatability. DTI was analyzed in WM regions known to mediate motor and cognitive function and reliably detected at near-term age by atlas-based DTI analysis (16) . We previously reported WM development in 19 subcortical regions in a subpopulation of 45 out of 102 infants in this study (16) . General patterns of central-to-peripheral regional WM development and posteriorto-anterior within-region WM development were observed. The PLIC demonstrated the highest level of WM development at near-term age. Results indicated that region-specific WM development trajectories are important to consider when interpreting DTI, consistent with prior findings, and near-term brain regions were selected for analysis, accordingly (11, 28) .
We found that at near-term age, MD was more predictive of outcome than FA. MD and FA measure different histological characteristics. MD measures overall diffusion within a voxel, while FA measures degree of anisotropy, or directional water movement (15, 16) . In the neonatal period, WM is expected to be less anisotropic as there is less myelin and more interstitial fluid and therefore MD may be a more sensitive measure. Additionally, MD values varied less than FA values. In this cohort, where a majority demonstrated normal neurodevelopment, a narrower variation may indicate a more sensitive metric.
Corpus Callosum
Lower FA and higher MD in the genu of the corpus callosum (CC) correlated with slower gait velocity and reduced SLS, a measure of gait stability. At near-term age, the genu and splenium of the CC have not yet myelinated (29) , although posterior aspects (splenium) develop earlier than anterior (genu) aspects (16, 30) . Lesion studies indicate that genu WM mediates motor coordination (31) , and prior studies reported neonatal CC WM structure associated with future motor function (32, 33) , consistent with our findings.
Males had significantly higher splenium FA and higher genu MD than females, after controlling for PMA at scan. Limited data suggest quantifiable sex differences in CC development at near-term age (4, 34) . Male gender is associated with increased risk of adverse outcomes, including CP, following preterm birth (35) , although males and females did not differ in neurodevelopmental outcome in this study. Associations between CC microstructure, sex, and neurodevelopment warrant further investigation in larger populations to explain risk factors that may increase morbidity among VLBW males.
Internal Capsule
Near-term PLIC microstructure demonstrated the strongest association with neurodevelopment at 18-22 mo of age. Higher PLIC MD correlated with lower BSID-III cognitive composite score, motor composite score, and fine motor score, and lower PLIC FA was associated with lower fine motor score. The PLIC includes motor fibers of the corticospinal tract and is undergoing myelination during the near-term period (36) . The corticospinal tract descends through the posterior third of the PLIC, and analyses of the PLIC on DTI at near-term age suggests that it may hold prognostic value for future motor development (4, 11) .
In the late second and third trimester, developing WM is vulnerable to injury. WM injury may impair PLIC myelination and development through injury to pre-oligodendrocytes that fail to mature to myelin-producing oligodendrocytes, direct axonal injury, injury to transient neurons that facilitate cortical-subcortical synaptic connections, and injury to migrating neurons critical to cortical function (7, 18, 37) . Reduced PLIC maturation is likely reflected in lower PLIC FA and higher MD. Additionally, in the third trimester, microglia involved in normal apoptosis, vascularization, and axonal development reach peak abundance and Articles Rose et al.
are key effectors of cellular injury from ischemia or inflammation, further contributing to vulnerability (18) . The ALIC contains thalamocortical fibers, connecting the thalamus with prefrontal cortex to allow for motor planning and higher-order cognition (38) . Near-term ALIC MD and FA values demonstrated correlations with BSID-III fine motor score, suggesting that microstructural injury to the ALIC may be associated with risk for fine motor impairment.
Thalamus and Globus Pallidus
Higher near-term thalamus and globus pallidus MD values correlated to lower BSID-III fine motor subscore at 18-22 mo of age, suggesting that less mature microstructure in these regions at near-term age may impact fine motor development in children born preterm. The thalamus and basal ganglia are known to mediate motor processes and have been found to be vulnerable to injury in infants (7, 39) ; which could partially explain impaired motor and cognitive function associated with preterm birth. In preterm compared to term infants, decreased thalamus volume (39) and impaired thalamocortical connectivity (40) have been reported. The thalamus undergoes significant development, establishing cortical connections during the late-second and third trimester of gestation (41) , and this process may be disrupted by preterm birth.
Limitations of this study include relatively small sample size, cross-sectional neuroimaging analysis, the possibility that microscopic injury was below resolution of conventional MRI, DTI obtained in a subpopulation, and lack of information, such as maternal education, that may impact neurodevelopment. Future investigation within larger populations will further clarify relations identified in this study and may guide clinical implementation of near-term DTI to improve accuracy of early prognosis for preterm infants. Sequential neonatal neuroimaging may further reveal trajectories of brain development essential to neurodevelopment (15, 42) .
In summary, these findings indicate that near-term cerebellar macrostructure and PLIC and genu microstructure may serve as prognostic biomarkers of cognitive and motor development, observations that can be further investigated in larger populations. Future studies may determine whether identification of these associations can provide accurate prognosis that may ultimately guide neuroprotective treatment and early intervention aimed at reducing neurodevelopmental disabilities in children born preterm.
METHODS
One hundred and two VLBW preterm infants were recruited, and consent was obtained from at least one parent or guardian for this Stanford University institutional review board-approved study, prior to routine near-term brain MRI conducted at 36.6 ± 1.8 wk PMA (1/2010-12/2011 ). The 102 participants represented 76% of eligible infants; 66 out of 102 also had successful DTI scans, collected at the end of standard-of-care MRI, before discharge from the neonatal intensive care unit ( Table 1) . VLBW preterm infants with no evidence of genetic disorders or congenital brain abnormalities were included.
MRI Data Acquisition
Brain MRI scans were performed on 3T MRI (GE-Discovery MR750, GE 8-Channel HD head coil, GE Healthcare, Little Chalfont, UK). . Diffusion was measured along 25 directions, with three B0 images. Two repetitions were obtained from 64 out of 66 subjects. MRI scans were performed as routine near-term neuroimaging for preterm infants, and the DTI sequences were collected at the end of these ~25-min MRI scans. Infants were swaddled and fed and typically remained asleep during the scan. Sedation was not utilized as part of the research protocol and was typically not utilized for routine near-term MRI.
Radiological Assessment
Structural MRI was assessed for degree of WMA and significant cerebellar abnormality. Radiological evaluation was performed by an experienced pediatric neuroradiologist (X.S.) and confirmed by a second (K.Y.), both were masked to all other participant data. A form validated for near-term neuroradiological assessment (8) was used to score WMA (1-3) according to a widely used classification system (8, 23, 43) : (i) extent of WM signal abnormality, (ii) periventricular WM volume loss, (iii) cystic abnormalities, (iv) ventricular dilation, and (v) thinning of the CC. High inter-rater agreement (96-98%) for moderate-tosevere WMA using this classification was reported (8, 43) . Significant cerebellar abnormalities included significant cerebellar lesions defined by Hintz et al. (8) and/or significant cerebellar asymmetry of ≥3 mm in the anterior-posterior or medial-lateral direction.
DTI Processing
DTI was collected at the end of the scan, and in 31 out of 102 infants, the scan was terminated prior to collecting DTI, primarily due to the infant waking up, 2 did not receive DTI due to technical problems, DTI collected from 3 infants was discarded due to head movement and poor quality. In a subpopulation of 66 infants, semi-automated, atlas-based DTI was analyzed using DTI-Studio using parameters outlined in Oishi et al. (44) . A trained investigator inspected all scans; 64 out of 66 infants had two repetitions, and the best repetition was selected to eliminate images with artifacts or evidence of motion. If no full repetition was usable (2/66), a composite repetition was generated based on best image slices. Automated Image Registration was performed using an affine transformation to further correct for eddy current distortions and minor head motion. Each brain image was skull-stripped with ROI Editor using B0 and trace images and manually rotated to align with the JHU neonatal template image. DTI images were processed with DiffeoMap (MRIStudio, Baltimore, MD,) using FA and trace (the sum of the three orthogonal diffusivities per voxel) maps to perform a large deformation diffeomorphic metric mapping transformation (44) . FA and trace maps from each brain were normalized to map onto the neonatal atlas and segmented into 126 regions. Based on the trace map, regions >0.006 mm 2 /s were considered CSF and excluded from the segmented regions. A threshold of FA > 0.15 was then applied to segment developing WM tracts (30) . Regions selected were then mapped onto the FA and trace maps, and regional values were obtained. MD was defined as an average of the three directions of diffusion calculated from the trace image. We examined subcortical WM regions defined by JHU parcellation atlas that were well visualized with near-term MRI and DTI, and known to mediate motor and cognitive function (Figure 2) .
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Demographic and Neonatal Characteristics
Clinical risk factors included: BPD, defined as a history of respiratory distress syndrome and treated with oxygen >21% at 36 wk PMA; sepsis confirmed with positive blood culture; presence of NEC; and presence of stage 2 or 3 ROP. Serum CRP was sampled 3.72 ± 1.9 times over the first 2 postnatal wk, obtained through a search conducted with Stanford Center for Clinical Informatics and STRIDE. Analysis of neonatal clinical risk factors and neuroimaging in the same cohort was previously published (21) .
Neurodevelopmental Assessment at 18-22 Mo
Neurodevelopment was assessed using the BSID-III at 18-22 mo of age, adjusted for prematurity, conducted by a trained examiner masked to clinical data and neuroimaging. Composite cognitive and motor scores, and fine and gross motor subscores were calculated based on the child's adjusted age at the time of evaluation. The BSID-III was conducted in English or Spanish based on the child's primary language.
Gait velocity and SLS, calculated as a percent of the gait cycle, were assessed at 18-22 mo adjusted age using a GAITRite instrumented mat (CIR Systems, Sparta, NJ). Walking trials met three criteria: (i) at least four consecutive footfalls, (ii) at least one foot on the ground at any given time, and (iii) the child did not touch or carry anything. If a child was not walking independently at follow-up, this was noted, and data was included if they were able to cruise and could walk with handheld-assist. For each child, 2-3 "best effort" trials with a total of at least 12 footfalls were analyzed, selected based on walk length, straightness, and pace consistency.
Statistical Analysis
Associations between categorical variables were analyzed using Chisquared tests, α = 0.05. Mean differences were compared using t-test, and two-tailed significance P < 0.05. Mean DTI values were compared in males and females, and in infants with and without WMA and cerebellar abnormalities using analysis of covariance, with PMA at scan as a covariate, and significance P < 0.05. Partial correlations for DTI, controlled for PMA at scan, with significance P < 0.05. To evaluate slope of the relationship between DTI and outcome, univariate linear regression was performed with residual MD values, correcting for PMA at scan. Multivariate linear regression was performed for candidate variables that had correlations with outcome (P < 0.20). Correlations among candidate variables were calculated and if variables correlated >0.6, the variable with highest correlation to outcome was selected. This analysis aimed to identify promising relations for future studies; therefore, an alpha of 0.05 was selected to protect against type-II error; exact P values are provided so it can be determined which results would remain, had a lower alpha been selected.
